R educing concentrations of carbon dioxide (CO 2 ) and other greenhouse gases (GHG) in Earth's atmosphere is identified as one of the most pressing modern-day environmental issues (IPCC 2007) . As a signatory country to the United Nations Framework Convention on Climate Change (UNFCCC), the United States is actively engaged in a critical international effort to find solutions to the problems posed by climate change. Agriculture, in addition to being affected by the climate, contributes to climate change through its exchanges of GHG with the atmosphere. Thus, the management of agricultural systems to sequester atmospheric CO 2 as soil organic carbon (SOC) and to minimize GHG emissions has been proposed as a partial solution to the climate change problem. In this paper, we discuss the potential role of agriculture in the United States to mitigate climate change through sequestration of carbon (C). We also identify critical knowledge gaps where further research is needed.
Carbon enters terrestrial ecosystems, including agriculture, through photosynthesis by green plants that assimilate CO 2 FeatUre and fix it into organic forms (figure 1). Some C eventually enters the soil, where its subsequent cycling and storage among SOC and soil inorganic carbon (SIC) pools determine its residence time and ultimately its return back to the atmosphere. The rate of photosynthetic CO 2 assimilation depends on soil fertility, climate, and management, which, in addition to other soil and plant factors, influence rates of C return to the atmosphere. Three major thrusts of GHG mitigation research in agriculture are (1) developing management practices to enhance the assimilation of atmospheric CO 2 by vegetation, (2) managing the movement of C from the plants/animals into the soil, and (3) altering the cycling of SOC to increase its residence time. Sequestering C within the soil organic matter (SOM) is among the best options for C storage in terrestrial ecosystems. Besides helping offset CO 2 emissions into Earth's atmosphere, C sequestration into SOM provides multiple benefits, such as improved soil quality through enhanced fertility, soil structure and aggregate stability, water holding capacity, and the capacity to reduce toxic elements.
Two other gases additional to CO 2 -methane (CH 4 ) and nitrous oxide (N 2 O)-are important agricultural GHG and deserve mentioning. Agricultural CH 4 emissions occur primarily from livestock through enteric fermentation and from
Figure 1
The terrestrial carbon cycle. Inputs of carbon (C) into the soil organic C (SOC) pool originate from the fixation of atmospheric CO 2 -C through photosynthesis by plants into simple sugars, and subsequently into the more complex materials (i.e., cellulose and lignin), eventually deposited in their leaves, stems, and roots. Plant material and its organic C can be consumed by animals or become humified into soil organic matter (SOM), which contains SOC, through the action of microorganisms. Carbon storage as SOC is controlled by the soil environment and the quality of the organic matter in which the carbon resides. Decomposition is the biological conversion of organic matter into more oxidized constituents, including CO 2 , which is released back to the atmosphere. Decomposition rates are affected by soil structure and by soil temperature and moisture conditions. wetland systems like rice, with emission rates being sensitive to soil nitrogen (N), water availability, soil pH, and amounts and forms of SOC. Nitrous oxide emissions from agriculture are largely the result of N fertilizer additions. While our focus will be primarily on soil C, we will mention non-CO 2 trace gases (1) to the extent their fluxes are affected by C sequestration management and (2) in the context of wetland agriculture, where CH 4 fluxes are important in the C balance. (Houghton 2007; Lal 2004 Lal , 2006 . Approximately 9 Pg (9.9 billion tn) of C is presently released to the atmosphere each year from burning fossil fuels and industrial activity, and another ~1.5 Pg (1.7 billion tn) is released from deforestation and land use change (Global Carbon Project 2009). Each year, about 60 Pg (66 billion tn) C is exchanged in each direction between terrestrial ecosystems and the atmosphere. Although 84% of US net C emissions are from fossil fuel consumption and only 7% from agriculture, the nearly 2,500 Pg (2,800 billion tn) C stored in terrestrial soils and the 60 Pg (66 billion tn) C exchange with the atmosphere will be important in the next few decades to buy time while new, C-saving, -capture, and -sequestration technologies are developed. However, even as new strategies and technologies are developed, it will remain important for agriculture to continue developing and implementing successful soil C sequestration practices which maintain or enhance SOC and SIC pools (figure 2). The following sections will briefly review our present knowledge of recommended management practices for important US agricultural sectors. At the end of each section, critical research gaps and/or development needs for enhancing US agriculture's C sequestration capabilities are identified, which are listed together in abbreviated form in (USDA NASS 2008a; USDA NRCS 2003) . Recommended management practices to increase SOC in croplands include increasing cropping frequency and growing high-residue crops. Alternatively, soil C losses can be minimized by reducing soil tillage (effectiveness is soil type and crop dependent), maximizing plant water use efficiency (more efficient rotations and improved irrigation management), and application of surface mulches that shade the soil (Follett 2001) . Incorporation of perennial grasses and grass/legume mixtures can be especially effective to allocate a higher percentage of plant biomass C to belowground soil C sequestration, extend the growing season, better utilize soil water, and reduce tillage disturbance compared to annual crops. Improved practices on croplands can increase SOC sequestration rates to 0.1 to 1 Mg (Mg = megagram = 10 6 g) C ha -1 yr -1 (89 to 890 lb C ac -1 yr -1 ), with accumulation rates diminishing as soils approach new equilibria (CAST 2004) . Higher rates are expected in the conversion of annual croplands to perennial grasses/legumes as conservation set-asides or pastures (Conant et al. 2001; Follett 2001) .
Carbon PoolS and SeqUeStration
Critical research needs for further enhancing C sequestration of cropped systems include (1) clarifying the interactions among tillage, climate, and soil type on C sequestration, (2) quantifying aboveand below-ground plant contributions to SOC, and (3) evaluating C sequestration practices for total GHG emissions, since recommended practices like incorporation of legumes or fertilizer additions, which enhance soil C, may enhance the soil release of N 2 O (table 1) .
Grazinglands. About 37% of the total land area in the US (236 Mha [580 million ac]) was occupied by grazinglands in 2002 (USDA ERS 2007), thereby contributing about 15% to US soil C sequestration potential (Lal et al. 2003) . Grazingland Figure 2 Strategies for carbon sequestration. Strategies for enhancing carbon (C) sequestration may be achieved either through increasing soil organic C (SOC) or soil inorganic C (SIC) pools. For SOC, this encompasses practices which increase the sequestration efficiency of C inputs, improve soil structure, or decrease SOC losses. Increases in the SIC pool result from such management practices as biosolids application, liming, and conservation of water within the root zone.
soil C sequestration is affected by climate (Derner et al. 2006; Jones and Donnelly 2004; Ingram et al. 2008; Svejcar et al. 2008) , biome (Conant et al. 2001) , and management (grazing, N inputs, restoration) (Derner and Schuman 2007) . Rangeland management with proper stocking rates, adaptive management, and destocking during drought can result in sequestration of 11 Tg C yr -1 (1 Tg = 10 12 g) (12 million tn C yr -1 ) nationwide. Sequestration rates decline in rangelands over time without added inputs, and the greatest potential gains are on marginal or poorly-managed lands (Conant et al. 2001; Conant and Paustian 2002; Derner and Schuman 2007; Swift 2001) . The amount of C stored in improved pasturelands (mostly mesic systems characteristic of the eastern United States) can be double that of cropland and can be enhanced by adjusting stocking rate, plant species, and fertilizer additions; although, the later can reduce the C advantage through increased emissions of N 2 O (Franzluebbers 2005) . Rates of SOC sequestration under best management practices range from 0.070 to 0.30 Mg C ha -1 yr -1 (62 to 270 lb C ac -1 yr -1 ) for rangelands (Schuman et al. 1999, Derner and Schuman 2007) and from 0.30 to 1.4 Mg C ha -1 yr -1 (270 to 1200 lb ac -1 yr -1 ) for pastures (Schnabel et al. 2001; Franzluebbers 2005) .
Critical research needs in grazingland soil C sequestration include (1) quantifying C sequestration in arid shrublands (almost no data presently), (2) evaluating forage species mixtures for optimizing C sequestration and minimizing non-CO2 trace gas emissions, and (3) quantifying interactions of management with climate on C sequestration (table 1) .
Agroforestry. Agroforestry is the intentional integration of woody plants into crop and livestock systems to improve soil, water and air quality, and wildlife habitat while supporting sustainable production of food, feed, fiber, and energy (Ruark et al. 2003; Garrett 2009 ). It represents a significant opportunity for sequestering C on agricultural lands in that a substantial proportion of the C is sequestered in woody biomass, thus creating a system that sequesters a large amount of C per unit area and for a longer duration than many other practices (Montagnini and Nair 2004; Schoeneberger 2009 ). Since agroforestry is not explicitly inventoried within the two major natural resource inventories in the United States-the USDA Forest Service Forest Inventory Analysis and the USDA Natural Resources Conservation Service (NRCS) Natural Resources Inventory Table 1 Critical research needs for developing and implementing US agricultural carbon sequestration and non-CO 2 greenhouse gases mitigation practices.
Topics
Critical needs
Agricultural sectors
Cropping systems • Clarify tillage and environnent interactions on soil C
• Quantify above-and belowground C contributions 
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A jan/feb 2010-vol. 65, no. 1 journal of soil and water conservation (Perry et al. 2009 )-its potential contributions to C sequestration have been estimated based on assumptions of where these plantings would suitably occur for services other than C sequestration. Using this approach, Nair and Nair (2003) estimated areas either currently under, or which could potentially be brought under, agroforestry practices to encompass 80, 70, and 85 Mha (200, 170 , and 210 million ac) for alley cropping, silvopasture, and windbreaks, respectively, with an additional 0.8 and 2.4 million km (0.5 and 1.5 million mi) of forested riparian and conservation buffers, respectively. Potential C storage for temperate agroforestry ranges from 15 to 198 Mg C ha -1 (6.7 to 88 tn C ac -1 ) (Dixon et al. 1994) , or approximately 90 Tg C yr -1 (99 million tn C yr -1 ) by 2025 for the United States .
Critical research needs in agroforestry include (1) quantifying C dynamics in agroforestry systems, (2) developing effective strategies for measuring and monitoring C sequestration in soil and woody components, and (3) developing/implementing a national inventory of agroforestry (table 1) .
Horticulture. Little attention has been paid to C sequestration in vegetable, orchard, and vineyard crops. US land area of vegetable crops is nearly 0.80 Mha (2.0 million ac), plus 0.50 Mha (1.2 million ac) in potatoes and 1.6 Mha (3.9 million ac) in tree (fruit and nut) crops (USDA NASS 2008a). Land area in vineyards is uncertain, although about 87% of all types are grown in California, and the total US production of grapes in 2007 was 6.1 Tg (6.7 million tn) on a fresh basis (USDA NASS 2008a). Specialized field management practices and diverse rotations have discouraged the use of conservation tillage in most vegetable operations, including those under arid, irrigated conditions in California. The timing of critical management practices to achieve optimum market timing can impact these highvalue cash crops and dampen efforts to sequester soil C. However, limited research suggests promising uses of cover crops for promoting increased soil C storage in vegetable (Al-Sheikh et al. 2005 ) and vineyard (Steenwerth and Belina 2008) systems. Further, cover crops offer many benefits beyond C sequestration, such as increasing soil fertility and enhancing disease control (Delgado et al. 2007 ).
More research is needed in horticultural systems to (1) evaluate potentially feasible horticultural management practices for storing soil C, (2) quantify C sequestration in promising horticultural systems, and (3) further evaluate benefits of conservation practices beyond C sequestration (table 1) .
Turfgrass. Although not an agricultural enterprise in the usual sense, turfgrass represents an important feature on the US landscape in regard to C (Jenkins 1994 regional and national SCale analySeS In addition to the needs articulated previously regarding the science and management for enhancing soil C sequestration, regional/national scale analyses of soil C and GHG emissions/removals are needed to construct national inventories (Lokupitiya and Paustian 2006) . We discuss two important components of these analyses: (1) measuring and monitoring, and (2) databases.
Measuring and Monitoring. Low-cost C and non-CO 2 GHG information is needed at multiple levels, from single operators up to regional and national levels (Lokupitiya and Paustian 2006) . Measuring networks, such as GRACEnet (Greenhouse gas Reduction through Agricultural Carbon Enhancement network) (GRACEnet 2009; Jawson et al. 2005 ) and the National Resources Inventory (NRI), can provide opportunities to continuously monitor sites over appropriate time scales. A major challenge in quantifying SOC stocks is in designing an efficient sampling scheme. The spatial variability of SOC across most agricultural fields is typically high (Follett et al. 2009) , and the amount of C relative to rate of change can also be high, both of which lead to a low signal-to-noise ratio. Thus, a five-to ten-year period of time between sampling may be required to detect changes (Conant and Paustian 2002; Smith 2004) , and evaluating significant changes in soil C across a landscape can require a large number of samples (Garten and Wullschleger 1999) . Direct measurements of GHG fluxes can assess the effects of management or climate on C balance (Baldocchi et al. 2001; Svejcar et al. 2008) and can be used in modeling exercises to estimate large-scale (regional or national) C budgets. However, GHG measurement technology is expensive, highly technical, and not usually economically suitable for routine monitoring of longterm management impacts at a particular site. Direct sampling of soil C is a more feasible technique for such quantification. Flexible and cost-effective means for quantifying soil C changes can be developed by combining standard soil-sampling methodology with process-based modeling, taking into account landscape features and using stratified sampling methods (Mooney et al. 2004; Paustian et al. 2009 ). Remote sensing offers an additional tool that would be especially useful for quantifying the spatial extent of easily identified mitigation practices like windbreaks and buffer plantings, tillage and residue management, and cover crops. More research is needed (1) to develop low-cost C and GHG monitoring systems that integrate soil sampling networks with process-based modeling and remote sensing tools, (2) to improve/develop models of C sequestration and GHG fluxes to scale up the various agricultural sectors to regional and national levels, and (3) to enhance remote sensing tools for quantifying important indicators of soil C and GHG flux potential (table 1) .
Databases. Two main types of data sources are needed for quantifying C and GHG emissions: (1) measurements of GHG emissions and soil C change (emissions data) for different land use and management systems, climate, and soil types across the United States and (2) information about the management activities (activity data) that influence emissions and how they vary geographically and over time. To fully exploit these types of databases, resources are required to populate, organize, and maintain data in an easily accessible format. Software is required to extract and format driver data for different models and to format model results to facilitate comparisons of outputs with measurements. It is crucial to compare outputs from different models with actual soil C and GHG measurements obtained with different methods to increase confidence in emissions estimates. The data collected include those from direct mea- Critical needs for the development of a national database include (1) expanding existing soil C and GHG monitoring networks in agricultural sectors to encompass representative agroecosystems and (2) integrating the diverse emissions and activity databases into a unified national database focused on an agricultural C and GHG strategy (table 1) .
emerging iSSUeS
Implementation of agricultural C sequestration and non-CO 2 GHG mitigation practices must take into account two important emerging issues that US agriculture is only beginning to recognize: (1) biofuels and (2) the potential impact of climate change and rising CO 2 on GHG mitigation strategies.
Biofuels. About 140 Mha (350 million ac) of agricultural lands in the United States are active croplands, with corn, soybeans, and wheat representing about two-thirds of this area. About 18% of the grain harvested from 35 Mha (86 million ac) of corn in the United States was used for ethanol production in 2007; more than half of harvested corn grain was for animal feed (USDA NASS 2008b; USDA ERS 2008) . A keen interest exists to develop sustainable energy technologies from cellulosic biofuels (Robertson et al. 2008 ). However, a number of concerns have been raised about possible environmental problems arising from intensification of agriculture (e.g., soil erosion, decrease in soil quality and productivity, loss of nitrate and phosphorous, decline in air quality, decline in biodiversity, increased loss of forests to compensate for cropland lost to biofuel production), some of which may compromise the overall goal of enhancing agroecosystem C. There are many gaps in our knowledge about the potential impact of biofuel energy crops on SOC. Top research priorities include (1) 11A jan/feb 2010-vol. 65, no. 1 journal of soil and water conservation evaluating how SOC responds to annual and perennial biofuel cropping systems, including operations on marginal lands; (2) clarifying relationships among soil C storage and fluxes of non-CO 2 GHGs for biofuel operations; and (3) examining the implications of biofuel production on C storage in Conservation Reserve Program (CRP) lands, grass lands, and forested lands (table 1) .
Climate Change Feedbacks and C Sequestration. As we become more confident about its trajectory, we are learning that climate change itself may constrain the very practices designed to curb GHG emissions and enhance C sequestration. Rising atmospheric CO 2 generally increases plant production (Brouder and Volenec 2008; Hatfield et al. 2008; Morgan et al. 2004; Runion et al. 2009 ), which in turn could enhance SOC stocks through greater transfer of plant C into the soil (Allen et al. 2006 ). However, rising CO 2 often results in higher soil respiration losses (Pendall et al. 2005) , which would diminish the benefit of increased plant production on total system C. Rising temperatures in cooler regions may also increase growing-season length, prolong and enhance biological activity, and enhance net C uptake (Luo et al. 2007 ). However, extension of the growing season at a time of year when daily light fluxes are already low will have limited benefits for C uptake, especially at northerly latitudes, since photosynthesis will become increasingly light limited (Skinner 2007) . Furthermore, the fertilization effect of CO 2 on plant productivity observed in short-term experiments may not be sustained because soil nutrients eventually limit plant responses to CO 2 (Luo et al. 2004) , especially in native systems without fertilizer additions. Climate change may further constrain, eliminate, and even reverse positive production benefits of higher CO 2 since higher temperatures enhance evaporative demand and lead to desiccation. By itself, warming also leads to higher SOM decomposition rates, which may further increase CO 2 emissions. Thus, while climate change has likely stimulated C sequestration in the recent past, continued warming may reduce terrestrial C sequestration later in this century (Heimann and Reichstein 2008; Pepper et al. 2005) . Critical research needs include (1) more process-level research to evaluate how multiple climate change factors affect the functioning of important agroecosystems, (2) modeling exercises that incorporate the latest findings from climate change experiments and project long-term impacts on C sequestration, and (3) observational/monitoring systems for tracking climate change impacts on US agroecosystem attributes (e.g., plant cover, vegetation type) that are likely to be good indicators of C storage potential (table 1) .
ConClUSionS
In agriculture, C sequestration research has tended to focus primarily on productive cropping systems. Too few experiments have specifically addressed best management practices for improving soil C storage, and fewer yet evaluate practices to reduce emissions of non-CO 2 trace gases. Research needs to be expanded to less well-defined components of US agriculture. Despite occupying 37% of total US land area, relatively little research has evaluated how different management practices may affect C sequestration in US rangelands and pasture lands. Even less is known about the management potential for mitigating GHG emissions in the US horticulture industry and for turfgrass. Organic soils and wetlands present especially complex management challenges since they involve significant emissions of more than one GHG, and practices that reduce emissions of one GHG may stimulate another. Agroforestry contributions to GHG mitigation have not been considered in national inventories. Addressing these research needs, including the challenges presented by biofuels development and climate change feedbacks on agricultural GHG emissions, will be critical for giving US agriculture the necessary tools to mitigate climate change. Continued progress on scaling and monitoring methodologies will be essential to implement regional/national analyses and assessments that climate change policies and protocols will demand. 
